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Abstract
This thesis focuses on a technique of delivering spatially focused and temporally compressed
picosecond laser pulses through multimode fibers. This study was inspired by recent success in
focusing light through optically diffusive media of which multimode fibers were a special case in
terms of causing scrambled phase distribution in the transmitted light. The approach involved
controlling the phase distribution of incoming beam using a deformable mirror prior to its entry
into the multimode fiber in order to achieve constructive interference at selected spots in the
output. With phase control, the intensity of the focused light at the output can be enhanced by
two orders of magnitude and the pulse durations reduced to their initial values compared to the
situation without phase control. However, strongly focused and sharpened pulses can be obtained
only under the condition that there were a large number of fiber modes overlapping in time and
space at the output end of the fiber. Unlike the case of delivering focused light through highly
scattered open media which contained thousands of modes, the condition for best performance
was not always met in multimode fibers with limited number of modes. In step-index fiber of
long length, the number of overlapping modes at a given time can be only a small fraction of all
possible modes due to modal dispersion.

The participation by a subset of all available modes

resulted in considerable broadening in the focused spot sizes and compressed pulse durations.
Our study demonstrated that this problem can be largely alleviated in grade-index fibers whose
small modal dispersion ensured the overlapping of a large number of modes over a longer
distance, resulting in more effective focusing and compression.

The experimental observations

and the understanding of the underlying mechanisms were in supported by the results of
numerical simulations of beam propagation based on a complete sets of known transverse modes
in the fibers.
iv
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Chapter 1

Introduction
Focusing light through scattering media is tremendously appealing for its use in imaging.
Scientists have devoted considerable efforts trying to develop new techniques to achieve this
goal. Initially, time reversal is the only known method to focus light through scattering media
[1]. However, the time reversal processes, such as optical phase conjugation, require a seed
optical signal to be generated from the target to initiate the time-reversed wavefront [2]. In order
to generate the seed signal, a focused light beam must be delivered through the scattering
medium to the target first which is exactly where the difficulty lies and certainly not very
practical for optical imaging. In 2007, Vellekoop and Mosk demonstrated a new technique to
focus coherent light through strongly scattering media by controlling the incident wavefront [3].
The focusing was achieved by dividing the input wavefront into hundreds to thousands of
segments and by controlling the phase of the individual segment of the input beam to make the
scattered waves converge toward the target. The convergence is a result of constructive
interference of scattered waves from various paths at a selected location in the output plane and
cancellation of electric fields at locations away from the center. The optimal input phase
distribution was obtained by searching for the right phase of each pixel to achieve constructive
interference at the output. Vellekoop et al. also found that the enhancement of the intensity at
the focused spot had a linear relation with the degrees of freedom of the control. The focus was
1000-fold more intense than the non-optimized speckle pattern with a SLM composed of 3228
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segments. Ever since their pioneering work a variety of techniques have been tried to achieve
focusing through opaque media.[3, 4] For example, the phase distribution of the incident beam
can be obtained from the inverse matrix of the transmission matrix of the scattering media and
thus achieve focusing in one shot without having to do pixel-by-pixel phase adjustments. The use
of photoacoustic signal as feedback, which utilized ultrasound signals that are less susceptible to
scattering, to monitor the focusing condition eliminated the need to place a camera behind the
scattering media to monitor the focusing process. This opened up possible applications in
biomedicine [7, 8].
In 2011, Katz et al. applied the wavefront-shaping technique to focus 100 fs light pulses
through scattering media and found that by maximizing the two-photon fluorescent signal not
only the light was focused through scattering media but the broadened pulse was also
compressed to their original pulse duration [9]. The ability to use spatial control alone to achieve
simultaneous concentration of energy in both the spatial and time domains was a surprising result
at the time.

This thesis reports an experimental study and numerical simulation for delivering focused
picosecond light pulses through multimode fibers. This work was inspired by recent success in
achieving simultaneous focusing and compression of light pulses through optically diffusive
media of which the multimode fibers are a special case of a closed system of “diffused”
reflectors. Multimode fibers are commonly used for the transport of high-power light beams.
However, the transmitted light at the output no longer possesses its initial spatial coherence and
temporal properties after a length of propagation due to modal dispersion. The interference
among the transverse modes results in granular speckle patterns with low spatial coherence at the
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output plane. The pulse duration is also stretched due to different modes arriving at different
times. Recovering the initial properties of light pulses through multimode fibers is of great
interest to applications such as nonlinear spectroscopy and imaging that utilize the coherent
properties of light. Indeed, techniques of phase control have been used to focus continuous
waves through multimode fibers [10, 11]. In earlier studies the phase control process took a long
time, from minutes to hours, to complete due the slowness of the liquid crystal light modulators
used in most studies. Recently real-time focusing of continuous-wave laser beams through
multimode fibers by using fast deformable mirrors or a one-step correction process based on the
transmission matrix has also be demonstrated.[5,7 ] This was an important step toward practical
applications. More recently, the delivery of femtosecond pulses through multimode fibers has
also been demonstrated by using phase-conjugated waves generated by digital holograms [12]. In
order to generate the seed signal to guide the phase-conjugated waves, a focused beam must be
delivered to the target first. This is usually difficult to do in real applications.

The present work is of interest for three reasons. First, simultaneous pulse compression and
focusing will lead to much higher peak power of light pulses to be delivered through multimode
fibers and benefit many nonlinear optics and imaging experiments. Second, the eigen modes of
optical fibers are fully known which enable us to carry out a numerical simulation to help gain
insights into the optical processes involved. Such an analysis has not been possible in the phase
shaping experiments reported so far. Third, spatial focusing and temporal compression work
well in systems with a large number of modes with random phases. However, the number of
modes in multimode optical fibers is considerably smaller than that in the diffusive media used
in earlier studies. With fewer modes participating in the interference, the focused spots and the
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sharpened peaks may be surrounded by shoulders and higher background due to incomplete
cancellation of energy away from the central peak.

The effectiveness of pulse shaping in a

system with limited number of modes remains to be explored.

This thesis is organized as follows. In Chapter 2, a brief review of current techniques on
focusing light through scattering media and multimode fibers is presented. Chapter 3 describes
the experimental setup, design considerations and experimental results obtained in step-index
fibers. Also included are a numerical simulation of transmission of picosecond light pulses
through step-index multimode fibers and a comparison between the experimental and simulated
results.

In Chapter 4, further experimental results obtained in grade-index fibers and

a

numerical simulation are described. Chapter 5 summarizes the results of our experimental study
and numerical simulations and the understanding achieved in this study.
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Chapter 2

Background
2.1 Focusing through scattering media
The techniques of focusing through strongly scattering media have been an area under intense
research because of their potential applications in imaging through opaque media. Currently,
there are several approaches, which will be briefly reviewed in the following sections.
2.1.1 Time reversal methods
Although the phase of coherent light can be totally scrambled after propagating through
scattering media, this process can be undone because stationary scatters do not break the time
reversal symmetry. Thus diffused light can be re-focused back to the original source if there is a
way to reverse the wavefront to retrace the random paths.

Using four-wave mixing in

photorefractive crystals, phase-conjugated light field of scattered light can be generated to
retrace the propagating paths and re-focused back at the light source [2].

More recently, digital

holograms based on computed wavefront of the scattered light have been used to generate the
time-reversed wavefront [19]. Although this approach has been known since 1980s, few practical
applications have been found. This is because, in order to generate the time-reversed light field
of the scattered light, a focused (and intense) light beam must be delivered to the target behind
the scattering medium first, which is usually unpractical.
2.1.2 Wavefront shaping method
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The wavefront shaping method, demonstrated by Vellekoop and his colleagues, reignited the
interest in the techniques of focusing through scattering media. The focusing was achieved by
dividing the input wavefront into thousands of segments and by controlling the phase of the
individual segment of the input beam to make the scattered waves converge toward the target.
The convergence of light is a result of constructive interference of scattered waves from various
paths. They found that after focusing, the intensity on the target was enhanced by Nπ/4 fold
compared to the intensity before focusing, where N is the number of degrees of freedom which is
the number of pixels of spatial light modulator (SLM) in the experiment. Using a SLM with
3228 elements, the enhancement was as high as 1080. With even higher degrees of freedom,
there was no further improvement because the noise in the detecting system can truncate the
process.

2.1.3 Transmission matrix method
A scattering medium transforms a coherent input wavefront into a wavefront of random
amplitude and phase distribution. This process can be represented by a transmission matrix of
complex coefficients that connects the input light field with well-defined amplitude and phase
with the output field with random amplitude and phase. This process can be simply expressed by
the following relation [3]:
!"#
𝐸!
=

𝑘!" 𝐸!!"
!

!"#
where 𝐸!!" is the complex amplitude of the 𝑛!! incoming free mode and 𝐸!
is the complex

amplitude of the 𝑚!! output free mode. In the experiment measuring the transmission matrix,
!"#
𝐸!!" is the complex amplitude at one pixel of the SLM and 𝐸!
is the complex amplitude at one

6

spot on the back of the scattering media. To detect the phase and amplitude of optical field, a
reference source was used and a full field “four phases method” [15] was applied to do the
measurement. Each pixel of SLM was set at four different phases at 0, π/2, π, and 3π/2 while
the intensity at output was recorded, which yields the coefficients in the transmission matrix.
Once the transmission matrix was measured, the phase distribution of SLM focusing light
through the scattering media can be derived from the inverse matrix.
The transmission matrix method is more advanced than the pixel-by-pixel wavefront
shaping method as it measures the whole matrix instead of just one row of it. Unlike wavefront
shaping method, this technique requires a detector to be placed at the output that can cover the
whole output plane instead of only the location of the target. Due to the size of information that
needs to be measured, this technique takes a relatively longer time to complete and it requires
the scattering media to be stationary throughout the process in order to use the measured results
effectively. This is a disadvantage. On the other hand, once the matrix is obtained. Focusing at
any location in the output plane can be easily and quickly achieved using the same transmission
matrix by quickly obtaining the inverse matrix through computation.

2.1.4 Ultrasound-assisted method
All the methods described above require a focused light source to be delivered through the
scattering media or a monitoring detector to be positioned at the target behind the media, which
are often not practical in real applications. Many researchers came up with a “virtual guidestar”
idea with the assistance of ultrasound.
The use of photoacoustic signals, which are less susceptible to scattering to monitor the
focusing condition, eliminates the need to place a camera behind the scattering media [8].
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Similarly, combining use of ultrasound and the time reversal method, time-reversed
ultrasonically-encoded (TRUE) optical focusing technique has also been introduced as a “virtual
guidestar” [16]. However, the spatial resolution of these ultrasound-based methods is limited by
the wavelength of ultrasound which is on the order of 100 microns [20].
Recently, the resolution problem was partly solved with the time-reversed ultrasound
microbubble encoded (TRUME) optical focusing technique [17]. Microbubbles are widely used
in ultrasonic imaging as ultrasound contrast agents as they generate stronger echoes and can be
modified to bind to selected biomarkers. The bubbles are also smaller than typical ultrasound
wavelengths and help improve the spatial resolution.

The research in this field paves the way

for potential applications in biomedicine.

2.2 Pulse compressing through scattering media
The spatial focusing methods discussed in preceding sections work very well with continuous
waves and for a narrow frequency range.

Researchers have been trying to broaden the

application of the technique of spatial focusing to “temporal focusing” to restore the pulse
duration after propagating through a scatter medium. Like the situation in the spatial focusing,
tuning the phase of multiple spatial components can also control the relative phases of the
frequency components to interfere constructively at a given time. Thus, a pulse broadened by
scattering media can be compressed back to its original pulse duration. When applying this
technique to pulses, it is important to keep in mind that the spectrum of light pulses must be
narrower that the correlation bandwidth of the media so that the condition for constructive
interference holds for the entire spectrum of the light source.
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The experimental setup for simultaneous focusing in time and space are similar to those
used for the experiments of spatial focusing for continuous waves. The main difference is that
the feedback signal used to guide the process was obtained either from a heterodyne
interferometry [18] between the scattered light and the reference beam or from the two-photon
fluorescent signal generated in a nonlinear material [10].

2.3 Multimode fiber as an optically diffusive medium
Multimode fibers can be treated as a closed system of “diffused” reflectors. The transmitted
light at the output no longer possesses its initial coherence and temporal properties after a length
of propagation due to modal dispersion and chromatic dispersion. The interference among the
transverse modes typically gives a granular speckle pattern at output. Recovering the initial
properties of light pulses through multimode fibers is of great interest to applications such as
nonlinear spectroscopy and imaging that utilize the coherent properties of light.
Since multimode fibers transform a coherent input into an output with irregular
distribution in amplitude and phase, the same techniques mentioned in preceding sections,
including the time reversal method [20], the wavefront shaping method [12] and the transmission
matrix method [22], have been applied to focusing continuous waves through multimode fibers.
Transmission of femtosecond pulses through multimode fibers has also been demonstrated by
using phase-conjugated waves generated by digital holograms.[13]
When applying the phase control technique to optical fibers, we recognize an important
difference between random scattering media and multimode fibers. The number of modes in
multimode fibers is considerably smaller than that in random scattering media.

Thus the

effectiveness in achieving focusing at the end of fiber, in terms of being able to fully recover the
pulse duration and spatial coherence, may degrade due to fewer number of modes participating
9

in the process in the fibers. On the other hand, we advantage to the fact that the, in the absence
of modal coupling, the properties of the transmitted light can be computed based on the
propagation of a known set of eigen modes to provide guidance to the experimental work.

10

Chapter 3

Experiment in step-index multimode fibers
3.1 Experimental apparatus and considerations
The experimental setup is shown in Figure 1. The major components and their design
considerations are discussed in the following sections.

Figure 1. Experimental setup
3.1.1 Light source: a picosecond mode-locked laser
We used a picosecond pulsed laser for this experiment. The reason for using a picosecond laser,
rather than a femtosecond laser, is the constraint that the spectral bandwidth of the light source
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must be smaller than the correlation bandwidth of the optical fibers. For several meters of optical
fibers, the duration of the laser pulse must be larger than 1 ps. An extensive discussion of this
consideration is included in Section 3.1.3.
Mode locking is a technique to lock the relative phases between the longitudinal modes
of the laser cavity to produce a train of light pulses with short pulse durations. There are two
mechanisms to achieve mode locking, active mode locking utilizing an electronic modulator to
control the cavity losses periodically and passive mode locking involving a saturable absorber to
module the resonator losses. In our experiment, we built a Nd: YVO4 laser emitting at 1064 nm
wavelength with a fast saturable absorber that exhibits a short net gain window under saturation
intensity. The laser was pumped by an 808-nm fiber-coupled diode laser and the gain medium
was a 1% Nd doped YVO4 crystal (C1). The crystal was titled a small angle with the pumping
laser to eliminate any residual reflections. A fast saturable absorber mirror (SAM) based on
InGaAs quantum well was used to induce mode locking.
In order to achieve stable passive CW mode locking, it is critical to choose key
parameters such as the recovery time, saturation intensity and saturation fluence of the saturable
absorber.

We chose a fast saturable absorber mirror made of InGaAs quantum well. The

relevant parameters are shown in Table I. A low absorbance of 2% was chosen because higher
absorbance means more power needed to reach CW mode locking and a higher tendency to
generate Q-switching instability. A low non-saturable loss made the laser more efficient and
operating at several times above the threshold， which helped reducing Q-switched mode
locking behavior. The recovery time needed to be much shorter than the cavity round trip time
and roughly determined the pulse duration. We also adjusted the incident mode area on the
saturable absorber mirror to satisfy the saturation fluence. The mode area on the mirror was
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designed to be to be small enough to ensure the energy density to be higher than the saturation
intensity but not too small to cause optical damage on the saturable absorber. A proper choice of
focal length lens was required and the mirror had to be aligned to an accuracy of several hundred
microns.
Table I. Key parameters of InGaAs saturable absorbing mirror
Absorbance

2%

Non-saturable loss

0.8%

Recovery time

~10 ps

Saturation fluence

90 µJ/cm2

Damage threshold

3 mJ/cm2

3.1.2 Deformable mirrors
Deformable mirrors are mirrors whose surface can be deformed to achieve wavefront control.
The deformable mirrors we used consisted of a mirror membrane supported by an underlying
silicon-based actuator array. Each actuator in the array can be individually deflected by
electrostatic actuation to achieve the desired pattern of deformation. Key parameters of the
deformable mirrors used in the experiment are list in Table II.
Table II. Key parameters of DM
Actuator count

137

Actuator stroke

1.5 µm

Aperture

3.57 mm

Actuator pitch

275 µm
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Mechanical response time

<100 µs

Step size

<1 nm

Frame rate

8 kHz

Hysteresis

None

The actuator count determines the degrees of freedom provided by the deformable
mirrors. So in our experiment, the degrees of freedom for phase control is 137. The actuator
stroke is the maximum possible actuator displacement. A 1.5-µm displacement is equivalent to
6π of phase adjustment for 1064 nm wavelength. The actuator pitch is the distance between
actuator centers. The mechanical response time is the time for an actuator to react to the
controlling signal and the step size is the resolution of the actuator movement. The frame rate is
8 kHz which is much faster than typical rates of commercial liquid-crystal-based SLM (~60Hz).
The number of pixels, 137, is also appropriate for our experimental condition although
most researchers used much large number of pixels to increase the degrees of freedom. This is
based on the consideration of efficient coupling into the multimode fiber, apart from the reason
that a device happened to be available in our laboratory. For an N x N deformable mirror with an
aperture of D, efficient coupling of the reflected beam into the multimode fiber must satisfy
the condition that the maximum angle of incidence is smaller than the numerical aperture of
the multimode fiber as shown in Fig. 2. This condition is

!
!!

< 𝑁𝐴 where f is the focal length of

the focusing lens and NA is the numerical aperture of the multimode fiber. When the phase
distribution of the wavefront is randomized, the coupling efficiency is limited by the diffraction
of

individual pixels

which is governed the following relation

!!
!
!

𝑓 < 𝑎, where a is the

diameter of the fiber core. These two conditions result in 𝜆𝑁 < 𝑎 𝑁𝐴. For a multimode fiber
14

with a core diameter of 100 µm and NA=0.12 , the maximum number of pixel in one dimension
for 1-µm wavelength is 12 and the deformable mirror used in this study has 12x12 elements.
We noted that the segmented input wavefront suffered from a higher diffraction loss due
to each segment having 1/12 of the width of the full beam, which resulted in a slight decrease in
the coupling efficiency into the fiber. The coupling efficiency with a random phase distribution
at the input was 93% of that with a uniform phase, which is not a serious problem in our
experimental condition. However a significant deterioration in coupling efficiency into the
fibers is expects in smaller numerical aperture or smaller core diameter.

We can further

conclude that the liquid-crystal light modulators used in most previous studies are expected to
produce extremely low coupling efficiency into optical fibers as they typically have thousands of
elements.
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Figure 2. Relevant parameters for focusing a beam with a random phase distribution into a
multimode fiber
3.1.3 Optical fibers and correlation bandwidth
We are interested in delivering focused laser pulses through fibers of one meter to ten meters
length which are useful lengths for many applications. If a laser pulse is to be focused at the
output end of an optical fiber, the condition for constructive interference must be maintained
over the entire bandwidth of the light source. In the absence of strong modal coupling, which is
the case in our study, this condition imposes an upper limit on the bandwidth of the light source.
This limitation can be seen from the following analysis.
For light waves of a given wavelength propagating through a multimode fiber, the bright spots in
the speckle at the output are locations where the waves from all directions

interfere constructively.

However the condition holds over a limited range of wavelength surrounding a center wavelength. If
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the phase difference between the modes of the shortest and the longest path lengths is an integer multiple
of 2π,

we define the correlation bandwidth Δλ to be the wavelength deviation from the center

wavelength to the point where the phase difference accumulates an additional π. Based on this
understanding, the wavelength deviation, Δλ, must satisfy the following relations:
𝒏𝑳
𝒏𝑳

𝟏
− 𝟏 = 𝟐𝒎𝝀
𝒄𝒐𝒔𝜽

𝟏
𝝀
− 𝟏 = 𝟐𝒎 𝝀 + ∆𝝀 +
𝒄𝒐𝒔𝜽
𝟐

where θ is largest incident angle within the numerical aperture of the fiber given by 𝜽 ≈
index of refraction of the core, L is the fiber length, 𝒏𝑳

𝟏
𝒄𝒐𝒔𝜽

−𝟏

𝑵.𝑨
𝒏

, n is the

is the optical path difference

between the lowest and highest modes and m is an integer. This lead to a correlation bandwidth of
∆𝝀 =

𝟐𝝀𝟐
𝟐𝒏𝑳(

𝟏
!𝟏)
𝒄𝒐𝒔𝜽

𝟐𝒏𝒄

or ∆𝝂 = 𝑳( 𝑵𝑨)𝟐 where c is speed of light, L is the length of the multimode fiber, n

is the refractive index of the core, NA is the numerical aperture. Thus to deliver short pulses, we must use
multimode fibers with the smallest numerical aperture available, which is about 0.1.

The

estimatedcorrelation bandwidths for one to ten meters of multimode fibers of numerical aperture 0.1 is
between 72 GHz for a one-meter-long fiber and 7.2 GHz for a ten-meter-long fiber.
The correlation bandwidth for a 3-meter-long step-index fiber with a numerical
aperture of 0.1 has been directly measured from the correlation function of the speckle
pattern. The correlation of the speckle pattern at the end of the fiber was measured as the
wavelength of a single-frequency diode-laser was temperature-tuned. The correlation
function as a function of detuning is shown in Figure 3. The half width of the correlation
bandwidth was measured to be 40 GHz in a 3-meter-long fiber. Since the correlation
bandwidth is inversely proportional to the length of the fiber, the correlation bandwidth is

17

120 GHz in a one-meter-long fiber and 13 GHz in a ten-meter-long fiber.

The

corresponding pulse durations of the light source ranged from 2 picoseconds to 20
picoseconds.
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Figure 3. Correlation function of the speckle patterns at the output of a 3-meter-long step-index
fiber as a function of frequency detuning. The fiber has a numerical aperture of 0.12 and core
diameter of 50 µm.

3.2 Experimental setup
A picosecond mode-locked laser, shown in the enclosed line in Fig. 1, was built for this
experiment. The laser produced a train of pulsed 1064 nm light with duration of 12 ps and a
repetition of 160 MHz. A pellicle beam splitter was placed in the cavity as the output coupler to
steer the intracavity power out of the cavity in two opposite directions. One of the output beams
was reflected by the deformable mirrors and then focused into the multimode fiber while the
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other one was reflected by a corner cube mounted on a piezo-motor translation stage controlled
by a computer to be used as the reference beam for the cross-correlation measurements.
The deformable mirrors (DM) consisted of 137 micro-electro-mechanical (MEMS) pixels
(Boston Micromachines Corporation Multi-DM) with a circular layout and a clear aperture of
3.57 mm. Each segment, 275 µm x 275 µm in dimension, was gold-coated. The maximum stroke
length is 1.5 µm which can cause a maximum round trip-phase change of 6π for reflected light
at 1064-nm wavelength. The stroke was voltage driven and controlled by a computer. The
average stroke change step size was less than 1 nm. Thus, the phase of the reflected beam can be
nearly continuously shaped by the DM.
The step-index multimode fibers we used had a core diameter of 100 µm and a numerical
aperture of 0.12. The calculated total number of confined modes for this fiber was 364. Fibers
of various length fibers from 1 meter to 10 meters were used for comparison. The fibers were
secured to avoid any effect of mechanical disturbances from the environment.
Two CCD video cameras with objective lenses (O1, O2) were used to record the images
of the speckle pattern of the fiber output. For the first camera, CCD1, the object plane was inside
a phase-matched BBO nonlinear crystal (C2) where the collimated beam from fiber output was
focused into. The second harmonic generation of the fiber output at 532-nm wavelength was
monitored by CCD1 through appropriate filters. The fiber image at the primary wavelength at
1064 nm was monitored by CCD2. The corresponding conjugate object planes for CCD1 at the
primary wavelength) and CCD2 at the second harmonic were located by looking for the sharpest
images of the speckle patterns.
To achieve focusing, we started by selecting a speckle grain as the target point on the
image captured by CCD1. A continuous sequential algorithm was implemented to control the
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DM to shape the wavefront of the incident light before being focused into the multimode fiber.
The continuous sequential algorithm was based on the fact that the fiber output was a
superposition of the contributions from all segments of the DM. In each cycle the computer
shifted the phase of one segment of the DM from 0 to 2π in 10 increments

and the intensity

changes at the target point were recorded. After each cycle, the segment was updated to the
phase which corresponded to the maximum recorded intensity. The process was then repeated
for the next pixel, until all 137 pixels in the DM were optimized. This process resulted in an
enhancement of the intensity of the selected speckle grain.
We have set up an in-line pulse measurement capability to record the pulse duration over
the entire speckle pattern. The second harmonic images of the interference pattern between the
speckle pattern and the reference beam were recorded for each position of the delay line for the
reference pulses. The scanning delay line consisted of a corner cube mounted on a piezo-motor
translation stage. Thus the cross-correlated pulse shapes for the entire speckle pattern were
obtained before and after the phase optimization process.

3.3 Experiment results
The laser produced a train of pulsed at 1064 nm wavelength with a duration of 12 ps. After
propagating through ten meters of multimode fibers, the pulses exhibited considerable temporal
broadening and loss of spatial coherence. A typical speckle pattern

as viewed through the

nonlinear crystal captured by camera CCD1 are shown in Fig. 4(a). The pulse shapes of the laser
pulse taken from a randomly selected speckle grain after propagating through the fiber is shown
by the squared trace in Fig. 4(b). Comparing with the incident pulse, shown by the circled trace,
the pulse is broadened from 12 ps to 50 ps and exhibits multiple peaks due to different fiber
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modes arriving at different times. The pulse shape of the total output, obtained by adding pulse
shapes from many speckle grains is shown by the dashed trace. The duration of the total
output is 80ps. The pulse shape and pulse duration vary considerable from position to position.
The speckle pattern and pulse shape at a speckle grain after the optimization process are
shown in Fig. 4(c) and (d). The enhancement of the focused spot, defined as the ratio of intensity
of the optimized grain to the average intensity before optimization was 103. The circled traces
in (b) and (d) are the pulse shape at the selected speckle grain before optimization.

The

phase optimization resulted in a significantly reduction in the pulse duration to nearly its initial
value of 12ps. However there was considerable energy in the shoulder of the squared traces in
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Figure 4. Photos of speckle patterns and pulse shapes at the end of a ten-meter-long fiber
before, (a) and (b) , and after , (c) and (d), phase optimization using the SHG signal as
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feedback. In (b) and (d) the circles are the pulse shapes before entering the fiber and the squares
are the pulse shapes taken at a speckle grain at the output end of the fiber and the dashed pulse is
the integrated pulse energy over a number of speckle grains in the output.
We note that the optimized pulses generally exhibited considerable reduction in pulse
duration. However the optimized pulse shape varied from position to position in the output plane.
At certain speckle grains, the optimization process led to no significant pulse duration reduction
or even broader pulses than those before optimization.
To help find the cause of the spatial dependence of the optimization process in the tenmeter-long fiber, we repeated the experiment using a 1-meter-long fiber of the same structure.
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Figure 5. Speckle patterns and pulse shape at the end of a 1-meter-long fiber before (a) and (b)
and after optimization (c) an (d).
We have found that the pulses after one meter of propagation can always be restored to their
initial durations and no position-dependent effect was observed. Furthermore, the focused spot
size after one meter of proposition is considerably narrower than after 10 meters of propagation.
Figure 6 compares the intensity distribution of the focused spot after one and ten meters of
propagation. The focused spot after optimization is 8 µm in diameter after one meter and 11 µm
after 10 meters of propagation. This shows that that effectiveness in focusing of optimization
also deteriorates with fiber lengths.
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Figure 6. Spatial profiles of the focused spots produced by the optimization process after
propagating through (a) one meter and (b) ten meters of step-index fibers.
The larger focused spot and the position-dependent pulse shape variation after ten meters of
propagation is attributed to fewer modes overlapping in at any given time in the fiber output
after a length of propagation. The fiber output consists of many modes with random phases
arriving at different times due to modal dispersion.

To effectively produce a narrow single-

lobed pulse through phase optimization, there must be a large number of modes participating in
the process at any given time so that the interference among the modes enhances the central
peak and suppresses the shoulders away from the central peak. In our experimental condition,
the number of modes overlapping at any given time, estimated by dividing the total number of
modes (364) by the ratio ( 8) of pulse duration of the broadened pulse to that of the incident
pulse, is 40. The effective number of overlapping modes is further reduced by the fact that only
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a fraction of the modes contribute to significant intensity at any given location in the output
plane.

A direct consequence of having fewer modes participating in the interference is an

incomplete cancellation of light intensity in the shoulder away from the central peak in the form
of broader shoulders, larger pulse duration, or multiple peaks in the temporal pulse shape as we
have seen. The same effect can also result in larger focused spot sizes the spatial domain after
ten meters of propagation, as illustrated in Fig. 6.
We also studied the effectiveness of using the signal of the fundamental wavelength at
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1064 nm as feedback to do the optimization. The results are shown in figure 7.
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Figure 7. Photos of speckle patterns and pulse shapes at the end of a ten-meter-long fiber before,
(a) and (c), and after, (c) and (d), phase optimization by using the signal at the fundamental
wavelength as feedback.
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Fig. 7(a) and (c) are the images of the second harmonic wavelength of the speckle patterns of the
fiber output captured by camera CCD1 before and after optimization. In this experiment the
intensity of a speckle grain at the fundamental wavelength was used to do the optimization.

By

comparing the results with the corresponding figures shown in Fig. 4, we found that the focused
spot obtained by maximizing the fundamental signal was surrounded by a broad shoulder and
has considerably lower peak intensity and lower contrast. The pulse duration after optimization
was reduced to 18 ps which was not as short as the pulse duration of 12 ps obtained by
maximizing the second harmonic intensity. By comparing the intensity scale of Fig 4(c) and 7(c),
we found that the peak intensity obtained by using the fundamental wavelength is five times
smaller than that obtained by using the second harmonic signal. The optimization by using the
second harmonic signal was more effective because the nonlinear optical process is sensitive to
the correlation of the pulses in time and thus more effective in selecting the wave packets which
arrived at the same time.

3.4 Numerical simulation
3.4.1 The model of beam propagation in multimode fibers
For a given numerical aperture and core diameter, the refractive index profile of the step-index
fiber is known and the entire set of eigen modes can be determined.

By expanding the input

electric field using a set of fiber modes, Mi ,we can obtain the amplitude for each mode Ai. The
electric field E(x,t) can be expressed as
E(x,t) = Σi AiMi(x,t)
where Ai’s are complex amplitudes and i = 1, 2, … 364 are the indices of the modes in the set.
Once the electric field at the input place is expressed as a linear combination of the eigenmodes,
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the electric field at the fiber output plane can be calculated, assuming that there is no modal
coupling. When a deformable mirror is used to control the phase of the input field, each Ai
becomes a linear combination of the amplitudes contributed by the segments of the deformable
mirrors represented by complex numbers Bij’s by Ai = ΣjBij, where j = 1, 2, …137 are the
indices of the segments in the deformable mirror. When we did the phase optimization, we
varied phase factors of the Bij’s from 0 to 2π and monitored the fundamental or second
harmonic intensities at a position x in the cross section of the fiber output. When the intensity at
the fundamental wavelength was used as feedback, the optimization process maximized the
integrated intensity over time. As the second harmonic intensity was assumed to be proportional
to the fourth power of electric field, the use of the second harmonic signal

had an additional

effect of selecting the wave packets from the modes which arrived at the same time.
To implement the simulation, the transmitted waves from each segment of deformable
mirror were calculated. Assuming that L2 ( in Figure 1) is a perfect lens, the electric field at the
fiber input plane is the Fourier transform of the electric field of the waves reflected by the
deformable mirror. The electric field at fiber input from each segment can be expanded by the
eigenmodes of the optical fiber. In our case there were 364 modes. We considered only one
polarization.

The superposition of all eigenmodes gave us the electric field in time and space at

the fiber output. The laser pulse was modeled as a wave packet consisting of a sinusoidal
carrier wave under a Gaussian envelope with a 12-ps duration. The phase optimization process
was simulated by varying the phase of transmitted wave from each segment of the deformable
mirror and recording the fundamental or second harmonic intensity of the wave at a selected
position in the output plane.

27

3.4.2 Simulated effect of phase optimization
An example of the simulated effect of phase optimization by using the second harmonic signal
as feedback is shown in Figure 8.
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Figure 8. Simulated speckle patterns (a) before and (b) after optimization and distribution of
pulse durations (c) before and (d) after optimization. The simulation was obtained for a ten-meter
multimode fiber (φ=50 µm, NA=0.12 ) with the input wave front partitioned into 137 elements.
The second harmonic images of the simulated output after ten meters of a propagation are shown
in Fig. 8(a) and (b). The simulation found a wide range of pulse durations over the entire cross
section of the fiber output before optimization. In Fig. 4(c), which shows the distribution of
pulse durations before the optimization process, there are locations where the pulse duration is
as short as its initial value and hardly affected by the modal dispersion. This is because the
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optical field in each point in the cross section is dominated by a subset of eigenmodes with
comparable group velocities and thus does not suffer from significant pulse broadening caused
by modal dispersion. After optimization, shown in 4(d), the pulse durations in the selected
position near the center of the cross section are mostly shortened to their initial values. The
narrowing of the pulse durations in the region surrounding the optimized spot is consistent with
previous experimental observations [13].
3.4.3 Spatial dependency
We have randomly selected samples of pulse duration from different locations in the cross
section in the output plane and carried out phase optimization by using both the fundamental
and second harmonic signals as feedback. The pulse durations are shown in Figure 9.
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Figure 9. Distribution of simulated pulse durations after optimization at different locations in the
fiber cross section for a ten-meter-long fiber with φ=50 µm and NA=0.12.
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The results showed that the pulse durations obtained by using the second harmonic signal as the
feedback were always narrower than those by using the fundamental wavelength. This is because
the process of maximizing the second harmonic signal had the effect of increasing the pulse
correlation in time and thereby selecting the wave packets to arrive at the same time. We also
found that the phase optimization, using either the fundamental or second harmonic as feedback,
did not always produce shorter pulses. In some locations, the optimization results in even longer
pulses. This is consistent with our experimental observations that there were considerable
variations in the optimized pulse shapes at different locations of the fiber output.
Combining our experimental observation and numerical simulations, we reached the
following understandings.
The re-construction of the diffused waves to restore the pulse durations to their initial
values requires the wave packets of all fiber modes to overlap in time. To achieve tight focusing
in the output requires a large number of modes to fill the entire numerical aperture of the optical
fiber.

When these conditions are met, we expect diffraction limited focusing and transform-

limited pulse duration. However these conditions are not met in step-index fibers after 10
meters of propagation. Due to modal dispersion, the number of eigenmodes to overlap in time
is reduced to a small fraction of all available modes. Since each mode has a distinct spatial
distribution, at each given position in the cross section, the number of modes participating in the
process is further reduced. With limited number of modes participating in the process, the reconstructed wave will exhibit considerable broadening in both time and space in the form of side
lobes and shoulders as we have observed.
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3.4.4 Effect of modal coupling
The analyses discussed so far did not include the effect of modal coupling. Some level of modal
coupling is expected to exist in our experimental condition because there was considerable
bending in the fiber spool. The modal coupling is assumed to cause diffusion-like energy
transfer to adjacent modes of comparable propagation constants [13]. To model the effect of
modal coupling, the energy of a given mode was assumed to spread m% of the energy
equally into n modes of the nearest modal indices where n and m can be adjusted to simulate
different level of modal coupling. Since the coupling is expected to be weak in our experimental
condition, we set n = 15 and m = 50.
The simulated intensity enhancement factors and pulse durations after optimization with
and without modal coupling for various locations in the output are shown in Figure 10. We
found that modal coupling improved the power enhancement of the optimized focused spot and
shortens the pulse duration. The average value of enhancement was 299 without modal coupling
and 438 with modal coupling. The average compressed pulse duration was 43.3 ps without
coupling and 32.7 ps with coupling. The effect of modal coupling can be understood based the
following argument. In the absence of modal coupling, the relative phase of the wave packets of
adjacent fiber modes are not totally random and thus cannot be independently adjusted to achieve
the best enhancement at the central peak and suppression at the shoulders and in the background.
The modal coupling reduces the phase correlation by introducing a higher level of randomness
in the phase of the modes and thereby resulting in larger enhancement at the central peak
relative to the background. Thus introducing a mode scrambling mechanism is expected to
reduce pulse duration and achieve higher power enhancement at the output. In doing so, one
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must consider the trade-off of significant power loss that is expected to accompany any mode
scrambling mechanism.
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Figure 10. Intensity enhancement of focused spots and pulse durations with and without modal
coupling on pulse shaping.
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3.4.5 Effect of degrees of freedom in phase control
The analyses conducted so far were made for our experimental condition in which the input
wave front was divided into with 137 (12x12 without corners ) segments. As explained in
Section 3.1.2 , this was done for the purpose of maximizing the coupling efficiency of the input
beam into the multimode fibers. Partitioning the input wavefront into more pixels in the current
system is expected to lead to two competing effects: an enhancement of the intensity of focused
spot and a reduced the overall intensity due to lower coupling efficiency into the fiber. We
point out that the need to reduce the coupling loss into optical fibers was not a consideration in
previous studies in open systems of diffusive media in which the number of modes was much
larger and thus it was possible to match the degree of freedom of phase control with the number
of modes.
To study the effect of increasing number of pixels on spatial focusing and temporal
compression, we compared the simulated results for input wave front partitioned into 137
segments and 548 (=137x4) segments while other parameters remained the same.
Figure 11 shows the simulated images of speckle patterns and the distribution of pulse
durations before and after the optimization obtained with the same conditions used in Fig. 8
except that input wave front was divided into 4x137 =548 elements. The increased number of
elements in the input wave front results in much higher intensity enhancement at the focused
spot shown in Fig. 11 to be compared with the corresponding figures in Fig. 8 obtained with
otherwise the same conditions. Furthermore, the pulse distribution shown in Figure 11 (d) is
darker which indicated a more uniform distribution in pulse durations across the output surface
after optimization.
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Figure 11. Simulated speckle patterns (a) before and (b) after optimization and distribution of
pulse durations (c) before and (d) after optimization. The simulation was obtained with the input
wave front partitioned into 4x 137 =548 segments for comparison with Fig. 8 obtained with 137
segments.
The intensity profiles taken along a diameter and the pulse shape of the focused spot
before and after optimization are shown in Fig 12.
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Figure 12. Simulated second harmonic intensity profile along a diameter (left) and temporal
pulse shape (right) at the fiber output : (a) and (b) before optimization, (c) and (d) after
optimization with 137 element in the input wave front and (e) and (f) after optimization with
4x137 elements in the input wave front.
Increasing the number of segments did not result in smaller focused spot and further
pulse shortening.

The main effect of increasing the degrees of freedom of phase control by four

folds was the suppression of the background and side lobes of the pulse shape resulting in much
higher enhancement at the peak. The SHG signal enhancement at target is 19780 with 538
segments comparing the enhancement of 2526 with 137 segments. The optimized pulse durations
measured at various locations in the fiber output are shown in Fig. 13. The average values of the
optimized pulse durations based on the sample taken at many locations shown in Fig. 13 was
not affected by increasing the degrees of freedom by a factor of 4. The average pulse duration
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was 27.3 ps when the optimization was done with 137 pixels in the input wavefront and 28.7 ps
when the optimization was done with 548 elements.
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Figure 13. Samples taken from random places for the optimized pulse durations obtained by
partitioning the input wavefront into 538 and 137 and segments. The average pulse duration is
27.3 ps with 538 segments and 28.7 ps with 137 segments.
The simulated results that higher degrees of freedom increase the peak power without
affecting the pulse duration can be understood from the following argument. When the input is
partitioned into more segments, the degrees of freedom to aligning overlapping electric fields is
increased which results in

stronger aligned electric field at the peak. However, unlike

scrambling the fiber, more segments in the input place does not increase the number of modes
that can overlap in both space and time. Thus the diameter of the focused spot and pulse duration
remain nearly unchanged.
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3.5 Conclusions
From our experimental study and numerical simulation we conclude that the phase optimization
technique can significantly enhance the intensity and reduce the pulse duration at a selected spot
in

output of a step-index fiber after propagating over a short length.

Re-focusing and

restoration of pulse duration to its initial value have been consistently achieved in a one-meterlong step-index fiber.

The results through the 10-meter-long fiber exhibited considerable

variations in pulse duration, pulse shape and the size of the focused spots, depending on the
locations in the cross section of the output.

We attribute these broadening and variations to

fewer number of modes participating in the process. This is because, due to modal dispersion, at
any given time only a subset of the total available modes overlap in time at the output, resulting
in incomplete reconstruction of focus and restoration of pulse shape. We also finds that using
the second harmonic signal as feedback results in more effective power enhancement and pulse
compression at the focus although considerable power enhancement and pulse narrowing have
also been achieved by using the fundamental wavelength as feedback. The essential features of
our experimental observations and our understanding of them have been confirmed by a
numerical simulation for wave propagation based on a full set of fiber modes.
The simulation also finds that by introducing modal coupling, which shortens the
coherence time of the wave packets of the fiber modes, has the effect of enhancing the power of
the peak relative to the background and reducing the pulse duration. The downside of
introducing a modal scrambling mechanism would be the inevitable transmission losses that
accompanied any such mechanism.
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The simulation further indicates that increasing the degrees of freedom of phase control
by partitioning the input wavefront into more segments enhances the peak power relative to
background without systematically affecting the optimized pulse duration and focused spot size.
An effective spatial focusing and temporal compression requires the participation of a
large number of transverse modes overlapping in time. Modal dispersion in step-index
multimode fibers significantly reduces the number of modes overlapping in any given time,
resulting in pulse broadening and temporal shape variations. In this regard, graded-index fibers
have much less modal dispersion, by as much as two orders of magnitude, and will allow a large
number of transverse modes to overlap in time after a length of propagation. This idea will be the
subject of study to be described in Chapter 4.
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Chapter 4

Focusing and compression of picosecond light
pulses through graded-index fibers
4.1 Introduction
In Chapter 3, we have demonstrated that by controlling the phase distribution of incident light
at the input of a step-index multimode fiber, the intensity at the output can be focused to a
selected position and the pulse duration can be largely restored to its initial value. We have also
found that while the re-focusing and restoration of pulse duration can be consistently achieved
through a short length of step-index fiber,

the results through a longer step-index multimode

fiber exhibited considerable position-dependent variations in pulse duration and pulse shape. In
fact, in certain locations in the output plane, the phase optimization process did not lead to any
improvement. We attributed these to the finite number of modes overlapping in time and space
in the output of the multimode fiber.
An effective spatial focusing and temporal compression need

a large number of

transverse modes overlapping in time so that the central peak is enhanced and shoulders
suppressed. In step-index fibers modal dispersion significantly reduces the number of modes
overlapping in any given time, resulting in large pulse duration with shoulders and secondary
peaks appearing on both sides of the central peak. In this regard, the use of graded-index fibers
for pulse delivery is expected to produce better results with less variation in pulse duration
and pulse shape across the output plane. In graded-index fibers, modal dispersion is much
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smaller, by as much as two orders of magnitude and the overlapping of transverse modes over a
longer distance can be ensured.

4.2 Experiment
The same pulse focusing and compression experiment described in Chapter 3 has been repeated
using segments of graded index multimode fibers. Two models of fibers were used,

GIF50C

(from Thorlabs, Inc.) with a core diameter of 50 µm and numerical aperture of 0.2 and GIF625
with a core diameter of 62.5 µm and a numerical aperture of 0.275. The number of modes in
GIF625 is 351 which is nearly the same number of modes in the step-index fiber used in the
experiment described in Chapter 3. The number of modes in GIF50C is 105. The graded-index
fibers have a refractive index profile that decreases with increasing radial distance from the axis
of the fiber, which drastically reduces the modal dispersion.

The pulse broadening caused by

modal dispersion, estimated from the bandwidth of 400 MHz/km/nm in GIF625, is less than 1 ps
for our experimental condition, which is negligible compared to the pulse duration of the original
pulse duration from the laser.
The laser produced a train of pulsed at 1064 nm wavelength with a duration of 20 ps.
(The pulse duration appeared to have changed after a long period of use. ) After propagating
through ten meters of fiber, the pulse duration remained nearly the same. The typical speckle
patterns and pulse shapes obtained at the end of the GIF625 fiber with a core diameter of 62.5
µm before and after optimization are shown in Fig 14.

We found that the the pulse shapes

measured at a speckle grain at the output of the fiber before and after optimization were nearly
identical to that directly measured from the laser output. The pulse energy of the integrated
power of the entire output plane also exhibited negligible broadening.
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Figure 14. Photos of speckle patterns and pulse shapes at the end of a ten-meter-long GIF635
fiber (φ=62.5 µm NA=0.275) before, (a) and (b) , and after , (c) and (d), phase optimization
using the SHG signal as feedback. In (b) and (d) the circles are the pulse shapes before entering
the fiber and the squares are the pulse shapes taken at a speckle grain at the output end of the
fiber and the dashed line is the integrated pulse energy over a number of speckle grains in the
output.
Since no appreciable pulse broadening was found in the graded-index fibers, this ensured
all the fiber modes to overlap in time at the output. This pointed to the possibility of greatly
simplifying

the optimization process by treating the pulse train as a continuous wave and using

the signals of the fundamental wavelength as feedback. The speckle patterns and pulse shapes
before and after optimization are shown in Fig. 15. Indeed, the pulses at the target spot before
and after optimization have the same pulse duration. The enhancement of the second harmonic
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signal obtained by using the fundamental wavelength as feedback is 27, which is smaller than
the enhancement factor of 100 obtained by using the second harmonic signal as feedback,
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Figure 15. Photos of speckle patterns and pulse shapes at the end of the fiber (φ=62.5 µm
NA=0.275) before, (a) and (b) , and after , (c) and (d), phase optimization using the
fundamental signal as feedback.
In our previous work in step-index multimode fibers, we showed that the focused spot
after optimization was 8 micron in diameter after one meter and 11 micron after ten meters of
propagation. We attributed the difference to the effect that pulse propagating through longer fiber
resulted in a smaller group of modes overlapping in time. In order to further verify how the
number of modes affected the focused spot size in graded index fibers, we repeated the
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experiment using a thinner graded-index fiber GIF50C with a diameter of 50.0 µm

and a

numerical aperture of 0.20 which supported only 105 modes for comparison. The speckle
patterns and the spatial profiles of the focused spots obtained in these two fibers are shown in Fig.
16. After optimization, the output of the larger fiber GIF625 with 351 modes had a smaller
focused spot with a diameter of 5.5 µm while the thinner fiber GIF50C with 105 modes
produced a larger focused spot with a diameter of 9 µm.
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Figure 16. Photos of speckle patterns after optimization for GIF625 (a) and GIF50C (b) fibers.
(c) is the spatial profiles of the focused spots.
The fewer number of modes in fiber GIF50C also led to position-dependent variations
such as double peaks or high shoulders, similar to those found in the step-index fibers after a
long length of propagation. This further confirms our understanding that the number of modes
played an important role in determining the size of the reconstructed focusing spot.
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The numerical aperture of graded-index fibers is not a fix value over the entire core. The
numerical aperture has its full value only near the center of the core and reduces to zero at the at
the edge of the core. Since there are fewer modes near the edges, the size of the focused spot is
expected widen near the edges. A comparison of the photos of focused spots and spatial profiles
obtained at the center and near an edge of GIF625 is shown in Fig. 17. The diameter of the
focused spot differed by more than a factor of two from 5 µm at the center to 12 µm.
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Figure 17. Experimental data for fat graded index fiber data measured at center and edge
4.3 Simulation
A numerical simulation was carried out to explain our experimental results using the same
principles described in Chapter 3.3. The only difference was that due to the refractive profile
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being a quadratic function of radius, the guided modes were not Bessel functions as used in the
calculation for the step-index fibers but Hermite-Gaussian functions. In the simulation, we
assumed that all the modes propagate through the fiber with the same propagation constant. The
parameters for the graded-index fibers are the same as the ones used in the experiment. The
simulated speckle patterns and the spatial profiles of the focuses spots after optimization for the
thicker and thinner fibers are shown in Figure 18. The simulated results are consistent with the
experimental results presented in Fig. 16 which shows that the focused spots are smaller in the
thicker fibers with a larger number of modes.
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Figure 18. Simulated speckle patterns of the focused spots after optimization for the thicker (a)
and thinner (b) fibers. (c) is the spatial profiles of the focused spots.
The simulated speckle patterns and spatial profiles shown in Fig. 19 are also in
agreement with the experimental observation ( shown in Fig. 17) that the sizes of the simulated
focused spots near the center and edge of core can differ by factor of two.
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core of the GIF625 (thicker) fiber, and (c) the spatial profiles of the focused spots.

4.4 Conclusions
By controlling the phase distribution of the incident light before entering a graded-index fiber,
the transmitted light can be focused at an arbitrarily selected spot in the output. In graded-index
fibers which supported more than 350 modes, we achieved spatial focusing and pulse
compression at the output plane with more consistent results. The phenomena of pulse shape
variations and secondary peaks found in the step-index fibers of the same length are largely
absent. This is consistent with our understanding that the number of overlapping modes plays a
major role in determining the peak power and pulse duration of the pulses after optimization. In
the absence of modal dispersion in graded-index fibers, temporal overlap of all fibers modes is
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ensured over a longer distance of propagation, which was needed for effective spatial focusing
and

temporal

compression.

The

same

principle

also

explains

the

experimental

observation that the focused spot near the edge of the fiber core is larger than near the
center.

These findings are also supported by the results of a numerical simulation based on the

propagation of a full set of fiber modes.
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Chapter 5

Summary
This thesis focused on a technique of delivering spatially focused and temporally compressed
picosecond laser pulses through multimode optical fibers. The approach involved controlling
the phase distribution of a laser beam using a deformable mirror prior to its entry into the
multimode fiber in order to achieve constructive interference at a selected spot in the
output. Our experiment confirmed that with phase control, the intensity of the focused light at
the output can be enhanced by two orders of magnitude and the pulse durations significantly
reduced to their initial values compared to the intensity and pulse duration without phase
control. From the experiments done in step-index multimode fibers and graded-index multimode
fibers, we found that the outcome of the optimization process strongly depended on the number
of modes to overlap in time. Strongly focused and sharpened pulses can be obtained only when
there were a large number of fiber modes overlapping in space and time so that the interference
among them enhanced the central peak and suppressed the background. In step-index fibers of
a long length and graded-index fibers with a small core diameter, there were fewer overlapping
modes contributing to the process, resulting in larger focused spot sizes, broader pulse durations,
and considerable variations in pulse shape. The same principle also led to the widening of the
focused spot obtained near the edge of the core of graded-index fibers because there were fewer
modes available near the edge of the core. The essential features of the experimental results and
the underlying mechanisms as we understand it were in agreement with the results of numerical
simulations based on the propagation of a known set of transverse modes in the fibers.
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